In the present analysis, the fundamental natural frequency of a Jeffcott and a two-mass rotor with fibre reinforced composite shaft embedded with shape memory alloy (SMA) wires is evaluated by Rayleigh's procedure. The flexibility of rotor supports is taken into account. 
INTRODUCTION
Shape memory alloys (SMA) have been commercially available since the past few decades, but their applications have been very limited, i.e. force and displacement actuators. Rogers (1990) , suggested that SMA fibres could be embedded into conventional composites such as graphite/epoxy to control the structural response including static deformation, vibration, buckling and structural acoustic radiations and transmission. The behaviour of SMA is governed by the diffusionless phase transformation between a high-temperature lowstrain austenite phase and a low-temperature highstrain martensite phase. The shape memory effect arises from the interplay of temperature and stress in the free energy of the alloy. A common SMA is 55-NITINOL, which is a nickel and titanium alloy. Its Young's modulus increases about four times when heated above its austenite transformation temperature. Also it can be trained to have a particular shape while in austenite phase. If it is Tel." 0091-11-6861977. Ext. 3166 . Fax: 0091-11-6362037. E-mail: kgupta@mech.iitd.ernet.in. 202 K. GUPTA cooled to its martensite phase and subjected to plastic deformation, it will return to its 'memorised' shape when heated above the austenite transformation temperature.
Recent developments (Singh et al., 1997) (1987) proposed the use ofSMA in rotor supports to control the rotor critical speeds.
In the present work, a rotor made of fibre reinforced composite shaft embedded with NITINOL wires is analysed theoretically to estimate their effect on the rotor critical speed. A flexibly supported simple rotor with two identical masses mounted symmetrically about the midspan is considered. The effect of increase in stiffness (Young's modulus) and tension in wires due to phase recovery stresses when wires are heated to austenite transformation temperature, on the rotor critical speed is studied. In addition to these, the effect of variation of support stiffness due to activation of SMA in rotor supports is also studied. The objective of such a study is to estimate the amount of shape memory alloy in wires as well as in rotor supports, required to alter the rotor critical speed sufficiently enough (say by 30%) in order to avoid resonance during rotor coast up/down. Results have been presented in terms of non-dimensional parameters and illustrated through numerical examples. Some issues associated with activation strategies to be adopted for such rotors during coast up/down have been discussed in a qualitative sense.
THEORETICAL ANALYSIS
Consider a flexibly supported composite rotor 
where the fibre and the matrix.
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Es (Vm + VfGm/Gf)' In order to assess the effect of NITINOL wires on the natural frequency, it is necessary to consider two effects: (i) variation in the value of En from about 25 GPa in unactivated state to about 90 GPa in activated state as the temperature is increased from below the martensitic transformation temperature to one above the austenite transformation temperature; (ii) development of large phase recovery forces in the wires when these are activated. The first effect is taken into account through Fig. 5 , from which the equivalent longitudinal modulus E of the shaft is obtained. The second effect manifests itself through the nondimensional parameter r, in the term (1-r/vr2) in the frequency equation (4) . If the wires are imparted an initial strain and are suitably restrained, then large phase recovery tensile force T will develop due to shape memory effect when the wires are activated by increasing their temperature above the austenite transformation temperature. The phase recovery stresses (Rogers, 1990) can be as high as about 500 MPa. It should be noted that the value of r, could vary over a large range depending on relative values ofE, 1, do, di, Vn and T. Also for small values of rk (flexible shaft and rigid support), the effect of r, is more dominant because the shaft being flexible undergoes appreciable flexure. On the other hand, for large values of r (rigid shaft and flexible support), the flexure in the shaft is negligible and the effect of r, is small (see Eq. (1)).
Let us now consider a specific case with following geometrical data, do=50mm, di=40mm, dw mm, dh 2 mm, m. Let the shaft material be carbon/epoxy with single ply configuration, Let us assume that the phase recovery stress in the wires is of the order of about 250MPa, which corresponds to about 3% initial strain (Rogers, 1990 ). The total tensile force in all the wires will be T-(r/4). (502--402) 10 -6. 250.10 6. Vn, which is (see Table II + 34.56r (1 + r,17r2) 2).
Results from frequency equation (18) are given in Table IV. Comparison of results of Tables III and  IV The storage modulus is found to decrease progressively with increasing temperature. Rogers (1990) has shown a sharp drop in first mode frequency of a graphite/epoxy beam with increasing temperature. Tables V and VI Comments on Coast Up/Down Strategies Figure 8 illustrates the possible coast up/down strategies. It is obvious that during coast up, the SMA (wires and/or rotor supports) will be initially in activated state and at around a speed of c*, the SMA will have to be deactivated. During coast down, the situation will be opposite, i.e., first unactivated and then activated as the rotor approaches c*. The coast up and coast down are shown by arrows in Fig. 8 . Since the activation or deactivation of SMA can never be instantaneous where as the coast up or coast down may be rapid, it would be necessary to start the deactivation in case The actual coast up/down path will be in between the curves of activated and unactivated states as shown in Fig. 8 . It may be noted that activation or deactivation of rotor supports will be easier and could be designed to be rapid enough in relation to the rate of coast up/down. The activation/deactivation of wires on rotating shafts is more cumbersome to achieve. Also, since the whole length of wire is embedded in composite shaft or in rubber sleeves, loss of heat and consequent deactivation is difficult to achieve rapidly. From the above considerations, it appears more attractive to introduce SMA in rotor supports. Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced.
As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
